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We have investigated the detailed magnetic structure of a Fe-doped MnNiGe alloy of nominal
composition MnNi0.75Fe0.25Ge by ambient and high pressure (6 kbar) neutron powder diffraction
study. The alloy undergoes a martensitic phase transition between 230 K and 275 K. The low-
temperature martensite phase orders antiferromagnetically with helical modulation of Mn-spins.
At 1.5 K, the incommensurate propagation vector k is found to be (0.1790(1),0,0), and it remains
almost unchanged with temperature under ambient condition. The Application of external pres-
sure (P ) reduces the martensitic transition temperature and results in a significant change in the
incommensurate magnetic propagation vector. At 10 K, with 6 kbar of external pressure, the in-
commensurate magnetic structure of the alloy stabilizes with k = (0.1569(1),0,0). Interestingly, the
strong temperature dependence of k in the presence of external P has also been observed.
The magnetic equiatomic alloys (MEAs) with general
formula MM′X (where M and M′ are transition metals,
and X is a nonmagnetic sp element) are in the forefront
of active research due to the observation of various mag-
netofunctional properties [1–19]. MnNiGe is among the
most studied alloys of MM′X family and crystallizes in a
Ni2In-type hexagonal structure (space group P63/mmc,
with transition metals at 2a(0,0,0) and 2d(1
3
, 2
3
, 3
4
) sites,
whereas, Ge atoms at 2c(1
3
, 2
3
, 1
4
) site) and undergoes a
martensitic phase transition (MPT) around 470 K to the
TiNiSi-type orthorhombic structure (space group Pnma,
with all atoms at 4c(x, 1
4
,z) position) [1, 3, 4, 8]. Further
cooling results in a magnetic transition (paramagnetic to
antiferromagnetic) in the alloy, and it becomes antiferro-
magnetically ordered below 346 K [1, 3, 4, 8]. The pre-
vious neutron diffraction studies confirmed the spiral na-
ture of the antiferromagnetic order (with an ordered mo-
ment in the Mn site only) at ambient condition [20–23].
Among others, Fe-doping in Mn or Ni-site is particularly
crucial due to the broad tunability of MPT [4, 8, 13–
15]. Our recent work reveal several exciting properties
of Fe-doped MnNiGe alloys [4, 13–15]. Though various
doping studies have been performed to explore the func-
tional features at the ambient pressure of these materials,
there are very few efforts to address their magnetic struc-
ture [20–23]. As magnetic structure plays a crucial role
behind the observation of different magneto-functional
behaviors, it is, therefore, pertinent to investigate the
exact magnetic structure of the MEAs.
In the present work, we aim to focus on the mag-
netic structure of the Fe-doped MnNiGe alloy of nom-
inal composition MnNi0.75Fe0.25Ge in ambient as well as
in high-pressure condition through detailed neutron pow-
der diffraction studies. To the best of our knowledge, this
is the first-ever attempt to probe the magnetic structure
of MEA in the presence of external pressure. Our re-
sult reveals a helical incommensurate antiferromagnetic
structure of this alloy below the MPT and a significant
decrease in incommensurate propagation vector has been
observed in the presence of external pressure.
The Fe-doped MnNiGe alloy of nominal composition
MnNi0.75Fe0.25Ge was prepared in polycrystalline form
by argon arc melting method [15]. The neutron powder
diffraction (NPD) measurements of the well character-
ized alloy were performed in the cold neutron (time of
flight) diffractometer WISH at ISIS Facility (Rutherford
Appleton Laboratory) in the UK [24]. For ambient pres-
sure experiment, the powder sample was mounted in a
6 mm vanadium cell and cooled down to 1.5 K using a
standard He-cryostat. We used TAV6 gas cell (Ti-6Al-
4V-alloy) with the internal diameter 7mm, attached to
the automated intensifier system for high-pressure NPD
experiments, where high-pressure Helium gas was used as
pressure media. In this method, one can apply up to 10
kbar uniform pressure (P ) on the sample. The pressure
cell was inserted into the He-cryostat and cooled down to
10 K. Data were collected at different constant temper-
atures (T ) in the warming cycle. FULLPROF software
package was used for refining the NPD data [25].
Isothermal NPD data recorded at different constant
T indicate a clear change in nuclear structure from
orthorhombic (Pnma) to hexagonal (P63/mmc) while
warming. Refinement of 305 K NPD data shows a sim-
ple hexagonal crystal structure (see fig.S1 of the supple-
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FIG. 1. NPD data recorded at 1.5 K in ambient conditions
are plotted in the main panels of (a) and (b) for two different
ranges of lattice spacing (d) from the detector banks 3-8 and
1-10 of WISH respectively. Inset of (a) indicates the enlarged
view of the (001)± magnetic peak. Main panels of (c) and
(d) depict the high-pressure NPD data in the presence of 6
kbar of external pressure at 10 K for two different ranges of
d from the detector banks 3-8 and 1-10 of WISH respectively.
Insets of (c) & (d) show the enlarged view of the magnetic
peaks recorded in ambient and high-pressure conditions at 10
K. Here, black circle, red lines, and blue lines indicate the
experimental, calculated and difference patterns respectively.
The first (olive), second (magenta) and third (orange) vertical
bars indicate the peak positions for the orthorhombic nuclear
phase, hexagonal nuclear phase, and orthorhombic magnetic
phase, respectively.
mentary section for details), whereas, an orthorhombic
structure of the alloy is evident from the 1.5 K data (see
fig. 4(a)). The nuclear structures of both the phases are
illustrated in fig.S2 of the supplementary section. In ad-
dition to the nuclear reflections, some magnetic satel-
lite reflections have also been observed in the low-T or-
thorhombic phase. Fig. 4 (a) & (b) depict the NPD pat-
tern of the studied alloy at 1.5 K in ambient conditions
for different lattice plane spacing (d) ranges. The posi-
tion of the most intense magnetic reflection is found to
be very high (d ∼ 33.4 A˚), which is due to a larger value
of the magnetic form factor of Mn at larger d or smaller
Q (= 2pi
d
∼ 0.188 A˚−1). All the magnetic reflections ob-
served below the magneto-structural transition tempera-
ture can be indexed by the incommensurate propagation
vector k = (ka,0,0) with ka = 0.1790(1) at 1.5 K. We suc-
cessfully refined the diffraction data at 1.5 K, using the
orthorhombic space-group for the nuclear scattering and
the non-collinear spin structure for the magnetic reflec-
tions. Our analysis also indicates the presence of a high-T
hexagonal phase (∼0.48 weight %) even at the lowest-
T of measurements (see table S1 of the supplementary
section for refined parameters). The refinement of the
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FIG. 2. (a), (b) and (c) show the illustration of the helical
magnetic structure of MnNi0.75Fe0.25Ge. (d) and (e) depicts
the angle between two adjacent magnetic spins in ambient and
high-pressure conditions, respectively. For clarity, only the
magnetic atoms, Mn, are shown here. (f) shows the exchange
interactions present between bc planes along a axis.
magnetic structure was assisted by symmetry arguments
based on the space group representation theory [26–28].
We tested all possible models for the magnetic structure
and confirmed that all Mn atoms are fully ordered, hav-
ing equal moments at all Mn sites. The wave vector
group splits the 4c Mn position into two orbits Mn11
(0.0300,0.2500,0.1805), Mn12 (0.5300,0.2500,0.3195) and
Mn21 (0.4700, 0.7500, 0.6805), Mn22 (0.9700, -0.2500, -
0.1805). The x-coordinate of the two Mn sites in each or-
bit differs by 0.5, implying the phase difference ka
2
. The
magnetic phase between the orbits is not fixed by the
propagation vector and was determined from the refine-
ment. It was possible since the intensity of the (001)±
satellite was found to be very sensitive to the dephasing
between the orbits. The model which provided the best
fitting quality (the reliability factor Rmag = 4.2%) was
the helical structure with the spins rotating within the
bc-plane as depicted in fig. 5 (a), (b), and (c). The pa-
rameters of the magnetic structure refined at T = 1.5 K
are summarized in Table I.
The model implies that the angle between two adja-
cent spins of the Mn atoms along the propagation vector
is α ≈ 32◦ at 1.5 K (see fig. 5 (d)). Notably, no or-
dered moment on the Fe atoms has been detected from
the NPD analysis. A similar helical magnetic structure
has also been reported for a specific T range of Si, Ti,
and Cr-doped MnNiGe alloys [20–23]. The position of
3TABLE I. Fourier coefficients of the helicoidal magnetic structure of MnNi0.75Fe0.25Ge, refined at T = 1.5 K for ambient
pressure (propagation vector k = (0.1790(1),0,0)) and at T = 10 K for P = 6 kbar (propagation vector k = (0.1562(1),0,0)).
The magnetic structure was defined as (Rv + iIw)e−2pii(k.t+ϕ), where R and I are real and imaginary parts of the Fourier
coefficients, respectively, t is lattice translation, and ϕ is the magnetic phase. v and w are unit vectors defining the plane of
the spin rotation (bc-plane in the present case).
Mn-site Moment size, R = I (µB) Magnetic phase, ϕ
P = 0, T = 1.5 K P = 6 kbar, T = 10 K P = 0, T = 1.5 K P = 6 kbar, T = 10 K
Mn11(0.0300,0.2500,0.1805) 3.09(3) 3.02(2) 0.000(0) 0.000(0)
Mn12(0.5300,0.2500,0.3195) 3.09(3) 3.02(2) 0.089(5) 0.078(1)
Mn21(0.4700,0.7500,0.6805) 3.09(3) 3.02(2) 0.099(1) 0.088(1)
Mn22(0.9700,-0.2500,-0.1805) 3.09(3) 3.02(2) 0.188(1) 0.166(1)
the magnetic reflections remains almost the same with
increasing temperature (see fig.S3 (a) and (b) of the sup-
plementary section for details). However, the intensity
of the magnetic reflections shows sluggish decrease up to
230 K followed by a sharp drop with further increasing
T , when the system starts transforming to the hexagonal
Ni2In-type structural phase (fig. 7 (a) and (b)). The mag-
netic transition temperature of the orthorhombic phase
falls within the same range of the structural transition
temperature, (i.e. between 230-275 K) but cannot be re-
liably determined from the neutron diffraction data since
the fraction of this phase rapidly decreases above 230 K.
Phase co-existence around the first-order phase transi-
tion is a common phenomenon, and the system remains
in the metastable state between the two endpoints of the
transition, T ∗ and T ∗∗ (austenite start and austenite fin-
ish temperature respectively for the present case) [29].
Such phase co-existence gives rise to a superheated low-
T martensitic phase (up to T ∗∗) and plays a pivotal role
behind the observation of such a broad range of magnetic
and structural transition temperatures. As mentioned
above, no change of the magnetic structure was detected,
and we successfully refined the neutron diffraction pat-
tern in the entire temperature range with the same he-
licoidal model. A monotonic increase of the lattice pa-
rameters of both the phases has been observed (see fig.
S4 in the supplementary section). Not much variation in
the propagation vector has been observed with increas-
ing sample T (see inset of fig. 7 (b)). This is again unlike
the Si and Ti-doped MnNiGe alloys, where a significant
increase in propagation vector has been reported [20–22].
However, the behavior is similar to that of the 11% Cr-
doped MnNiGe alloy [23]. We have also estimated α at
different temperatures, and only 1◦ decrease in its value
has been noticed with T changing from 1.5 K to 250 K
(α = 31◦ at 250 K). We have checked the existence of
any magnetically ordered hexagonal phase. But the low-
temperature hexagonal phase fraction is too small to de-
tect any magnetic reflection. In the high-temperature re-
gion, especially above the martensitic transition temper-
ature, the absence of any magnetic satellite reflection is
clear from our NPD patterns. Such observation confirms
that the present alloy transforms from an antiferromag-
netically ordered orthorhombic phase to a paramagnetic
hexagonal phase. This description at ambient pressure
is used as a reference to analyze the effect of pressure on
the magnetic order.
In the presence of external P , no drastic change has
been observed at the high-temperature paramagnetic
phase, and hence the high-P nuclear structure bears a
strong resemblance to that of ambient pressure. Minute
inspection of the high-P NPD data recorded at 10 K con-
firms the absence of any new set of magnetic Bragg reflec-
tion (see main panels of fig. 4 (c) & (d)). Interestingly,
the positions of magnetic reflections change significantly
as compared to ambient pressure pattern which implies
that the new propagation vector is still k = (ka, 0, 0) but
with a different value of ka (see insets of fig. 4 (c) & (d)
for the closure look of magnetic reflections for ambient
and high-pressure data). Besides, a shift in nuclear re-
flections also confirms the decrease in both orthorhombic
lattice parameters in the presence of an external P . At
10 K we can index all magnetic reflections with ka =
0.1562(1). A non-collinear magnetic structure with heli-
cal modulation of Mn spins (similar to ambient pressure
magnetic structure) is therefore proposed. We obtain an
excellent agreement between observed and calculated in-
tensities with Rmag = 8.57 %. The refined parameters
of the magnetic structure at 10 K in the presence of 6
kbar of P are summarized in Table I. The helical mag-
netic structure constructed from the refinement analysis
indicates that the angle between two adjacent Mn-spins
reduces to 29◦ at 10 K (see fig. 5 (e)); i.e. the alloy
is going towards the parallel arrangement of magnetic
spins (i.e. ferromagnetically ordered state) in the pres-
ence of external P . The restricted views of the NPD pat-
terns at different constant T indicate a significant shift
in the position of the magnetic reflections with T (see
fig. S3 (c) & (d) of supplementary material). Besides,
a monotonic decrease in the intensities of the magnetic
reflections has also been observed with increasing T and
eventually vanishes above 200 K. We have successfully
refined all NPD data recorded in high-P condition. The
shift of magnetic reflections in the presence of external P
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FIG. 3. Temperature variations of (a) phase fraction, (b)
integrated intensities of (000)± magnetic peak in ambient as
well as in the presence of 6 kbar of external pressure. Inset
of (b) depicts the temperature variation of ka both under
ambient and high-pressure situation.
results in a strong T dependence of propagation vector
(around 10 K ≤ T ≤ 200 K, see inset of fig. 7 (b)). ka de-
creases monotonically with increasing temperature, and
it is found to be 0.1325(8) at 200 K. Unlike the ambient
pressure case, about 5◦ decrease in α has been observed
for T changing from 10 K to 200 K with α = 24◦ at 200
K. A notable amount of decrease (∼ 60 K decrease) in
magneto-structural transition temperature under exter-
nal P has also been observed (see fig. 7(a) phase fraction
vs. T curve in the presence of 6 kbar of P ). Interest-
ingly, not much change in the Mn-site moment size due
to external P has been noticed in the low-T martensitic
phase (see Table I). We have also calculated and plotted
the integrated intensity of the (000)± magnetic reflec-
tion as a function of temperature, and it further confirms
the clear shift of structural transition temperature in the
presence of external pressure and shows one-to-one cor-
respondence with the orthorhombic phase fraction (see
fig. 7(b)). We also noticed similar temperature variation
of the integrated intensities for other magnetic satellite
reflections.
Recent observation of helical magnetic structures in Ti
and Cr-doped MEAs have been analyzed based on the
available theoretical models [22, 23, 30, 31]. Competing
exchange interactions often lead to such a type of heli-
cal magnetic structure. The moment direction rotates
by a certain angle while going from one layer to another
layer along the direction of the propagation vector. For
the presently studied alloy, this rotation of the adjacent
spins of Mn-atoms depends strongly on T under high-P
condition, while a negligible change has been observed
in ambient conditions. The theoretical model proposes
the axial next nearest-neighbor Ising model that incor-
porates anisotropic competing exchange interactions in
such a way that the spins are coupled by nearest-neighbor
ferromagnetic interaction in a plane perpendicular to the
modulation axis of the helical magnetic structure. Along
the modulation axis, the spins are coupled by nearest-
neighbor ferromagnetic and next-nearest neighbor anti-
ferromagnetic interactions, which together with leads to
the helical phase with the modulation vector perpendicu-
lar to the ferromagnetic plane. A stable helical structure
is obtained for the condition cosα = − J1
4J2
, where α is
the angle between two adjacent spins of Mn atoms and
J1, J2 signify the ferromagnetic and antiferromagnetic
interactions respectively along the modulation axis (see
fig. 5 (f)) [31]. A similar modulated helimagnetic phase
has also been observed in Tb, Dy, and Ho rare earth ele-
ments where alike competing interactions have also been
observed [32]. In the present work, the values of α at
different constant T have been estimated both in am-
bient as well as in high-P conditions, which show good
agreement with the relation α = 180◦.ka, used by Penca
et al. [22, 23]. From the stability criteria of the helical
modulation, it is evident that any decrease in α is due
to the increase in J1/J2 ratio. Using the values of α ob-
tained from the NPD analysis, we have calculated the
values of J1/J2 ratio both in ambient as well as in high-
pressure conditions and observed a significant increase in
J1/J2 ratio (
J1
J2
≈ 3.38 at 1.5 K under ambient pressure
and J1
J2
≈ 3.52 at 10 K in the presence of P = 6 kbar).
This indicates the weakening of antiferromagnetic inter-
action under external P . The observed effect of external
P on the magnetic structure is found to be similar to
that of the Cr-doping, where a clear decrease in ka has
been observed with increasing Cr-concentration. We also
noticed a large decrease in α with increasing sample T
under high-P condition. Such a decrease in α implies
further increase in J1
J2
ratio and hence a decrease in anti-
ferromagnetic interaction with increasing sample T .
In summary, the present work based on the NPD anal-
ysis in ambient as well as in the presence of external P
reveals a clear picture of the magnetic structure of the
MnNi0.75Fe0.25Ge alloy. Both ambient and high-pressure
data confirm that the low-T orthorhombic phase of the
present alloy shows incommensurate antiferromagnetic
ordering with a helical spin structure. The axis of the
helix is found to be along the a-axis throughout the mag-
netically ordered region. On the other hand, no signature
of the magnetically ordered hexagonal phase has been ob-
served. The magnetic spin arrangement of the Mn atoms
5remains helical even in the presence of external P with
no new set of magnetic reflection in the NPD pattern.
But, a significant decrease in the propagation vector in
the presence of external P has been observed. Such a re-
duction in the propagation vector plays a crucial role in
reducing the angle between the two adjacent Mn spins of
the helix and hence to decrease the next-nearest neighbor
antiferromagnetic interaction along the direction of the
propagation vector. This indicates that external P prefer
parallel spin arrangement, and with sufficiently high P ,
ferromagnetic ordering can be achieved.
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FIG. 4. (FIG. S1.) Neutron diffraction data recorded at 305
K in ambient condition are plotted along with the calculated
pattern, difference pattern and the Bragg positions for the
hexagonal nuclear phase.
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FIG. 5. (FIG. S2.) Illustration of the hexagonal and or-
thorhombic nuclear structure of MnNi0.75Fe0.25Ge alloy at
305 K and 1.5 K respectively. Here the purple, green, and
white/orange color indicate Mn, Ge, and Ni/Fe atoms respec-
tively.
7TABLE II. (TABLE S1.) Various structural parameters in ambient (at 1.5 K) and high pressure (at 10 K) conditions.
Ambient pressure at T = 1.5 K 6 kbar pressure at T = 10 K
Orthorhombic structure with space group Pnma
a = 5.9941(7) A˚ b = 3.7497(5) A˚ c = 7.1236(5) A˚ a = 5.9794(8) A˚ b = 3.7430(7) A˚ c = 7.1147(4) A˚
Rp = 5.33% Rwp = 4.01% Phase fraction = 99.52% Rp = 0.32% Rwp = 0.16% Phase fraction = 99.54%
Type Site x y z Biso Type Site x y z Biso
Mn 4c 0.0300(4) 0.2500(0) 0.1805(2) 1.6771(1) Mn 4c 0.1147(9) 0.2500(0) 0.2417(8) 1.2532(1)
Ni 4c 0.1497(4) 0.2500(0) 0.5571(9) 0.8244(2) Ni 4c 0.1450(4) 0.2500(0) 0.5468(1) 1.6301(2)
Fe 4c 0.1497(4) 0.2500(0) 0.5571(9) 0.8244(2) Fe 4c 0.1450(4) 0.2500(0) 0.5468(1) 1.6301(2)
Ge 4c 0.7586(3) 0.2500(0) 0.6253(2) 0.9425(2) Ge 4c 0.8149(3) 0.2500(0) 0.6507(2) 1.5124(1)
Hexagonal structure with space groupP63/mmc
a = 4.0888(8) A˚ c = 5.3199(9) A˚ γ = 120◦ a = 4.0671(9) A˚ c = 5.3430(6) A˚ γ = 120◦
Rp = 7.14% Rwp = 8.16% Phase fraction = 0.48% Rp = 2.50% Rwp = 1.32% Phase fraction = 0.46%
Type Site x y z Biso Type Site x y z Biso
Mn 2a 0.0000(0) 0.0000(0) 0.0000(0) 1.3780(1) Mn 2a 0.0000(0) 0.0000(0) 0.0000(0) 1.428(4)
Ni 2d 0.3333(0) 0.6666(0) 0.7500(0) 0.0720(3) Ni 2d 0.3333(0) 0.6666(0) 0.7500(0) 0.1720(4)
Fe 2d 0.3333(0) 0.6666(0) 0.7500(0) 1.0485(2) Fe 2d 0.3333(0) 0.6666(0) 0.7500(0) 1.2480(3)
Ge 2c 0.3333(0) 0.6666(0) 0.2500(0) 0.6193(1) Ge 2c 0.3333(0) 0.6666(0) 0.2500(0) 0.6994(5)
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FIG. 6. (FIG. S3.) Restricted views of the temperature evolution of (101)+, (-101)−, (101)−, (-101)+ and (000)± magnetic
satellite reflections in ambient (a and b) as well as in presence of 6 kbar of external pressure (c and d).
80 50 100 150 200 250
5.97
5.98
5.99
6.00
6.01
6.02
0 50 100 150 200 250
3.74
3.75
3.76
3.77
0 50 100 150 200 250
7.112
7.116
7.120
7.124
0 50 100 150 200 250 300 350
4.080
4.086
4.092
4.098
4.104
0 50 100 150 200 250 300 350
5.2
5.4
5.6
5.8
6.0
MnNi0.75Fe0.25Ge
 P = 0 kbar
 P = 6 kbar
 
 
a o
rt
ho
 (Å
)
T (K)
[a] [b]
MnNi0.75Fe0.25Ge
 P = 0 kbar
 P = 6 kbar
 
 
b o
rt
ho
 (Å
)
T (K)
[c]
MnNi0.75Fe0.25Ge
 P = 0 kbar
 P = 6 kbar
 
 
c o
rt
ho
 (Å
)
T (K)
[d]
MnNi0.75Fe0.25Ge
 P = 0 kbar
 P = 6 kbar
 
 
a h
ex
a (
Å)
T (K)
[e]
MnNi0.75Fe0.25Ge
 P = 0 kbar
 P = 6 kbar  
 
c h
ex
a (
Å)
T (K)
FIG. 7. (FIG. S4.) Temperature (T ) variations of orthorhombic (a, b and c) and hexagonal (d and e) lattice parameters in
ambient as well as in presence of 6 kbar of external pressure.
